Abstract : We present the results of a systematic investigation of neutronirradiated and thermally annealed Fe-Cu-Ni-P model alloys using positron annihilation spectroscopy (PAS), including lifetime and Doppler broadening techniques, and Rockwell hardness. These alloys were examined in the as-fabricated state, after irradiation at 270 ~ C to 1 x 1019 n.cm "2, and to 8 x 1019 n.cm -2, and after successive postirradiation isochronal anneals at temperatures from 200 to 600 ~ C. The results can be qualitatively explained by invoking an irradiation-induced microstructure consisting of a combination of small dislocation-type defects or defect clusters (matrix damage) and dense precipitation of fine scale irradiation-induced precipitates. The matrix damage anneals between 350 ~ C and 450 ~ C. The irradiation-induced precipitates also evolve with annealing, but at higher temperatures. The combined effect of high Cu and high Ni concentrations leads to more extensive irradiation-induced precipitation than in cases where either element is missing, Whereas the effect of P is less pronounced. We analyze and compare the results with similar measurements performed on irradiated pressurevessel steels and with other positron measurements on model alloys, reported in the literature.
Introduction
Positron annihilation spectroscopies have been used with some success to help characterize the damage structure that develops under fast-neutron irradiation and that is responsible for pressure-vessel embrittlement [1] [2] [3] [4] [5] [6] . At issue is the nature of the finescale damage (< 10 nm) that forms under irradiation and that causes the increase in the nil-ductility temperature (NDT) and the decrease in the upper-shelf energy (USE) in the Charpy Test [ 7] . A substantial amount of work has been put into this characterization, using techniques such as small-angle neutron scattering (SANS) [8, 9] , atom probe field ion microscopy (APFIM) [10, 11] , transmission electron microscopy (TEM) and a variety of others [12] , in addition to positron annihilation spectroscopies. In such studies, investigators have identified irradiation-induced precipitates (Cu-rich precipitates) and defect clusters (matrix damage) as the likely candidates for causing irradiation embrittlement [13] . However, the complex nature of the irradiation-induced precipitation and defect clustering processes in industrial alloys such as A533B steel, in combination with the fine scale of the damage, make it difficult to determine the exact nature of the mechanisms. Positron annihilation spectroscopies, both in lifetime or Doppler broadening experiments, can provide unique information about the nature of the damage. In combination with other techniques, they can be used to help determine the embrittlement mechanism operative in pressure-vessel steels under irradiation.
The use of model alloys in irradiation testing programs can help eliminate some of the uncertainties related to alloy composition [4, 14] . By systematically varying the alloying contents, we can determine the separate effects of specific alloying additions, and combinations of additions on irradiation embrittlement. We present the results of an investigation conducted on a series of model alloys, prepared with systematic variations of Cu, P and Ni. We conducted a series of positron-annihilation-lifetime and Dopplerbroadening measurements, complemented by Rockwell hardness measurements on several model alloys that were not irradiated and that were irradiated to 1 x 1019 n.cm "2 and 8 x 1019 n.cm-2(E > 0.5 MeV) at 270 ~ C. We performed measurements on both the as-irradiated samples and on the same samples after performing successive isochronal anneals, conducted at temperatures ranging from 200 to 600 ~ C. We analyze the results and compare them with similar measurements on irradiated pressure-vessel steels and with other positron measurements on model alloys reported in the literature. Table 1 gives the compositions of the eight model alloys used in this study [15] , which represent the averages of three independent spectroscopy and standard chemical analysis measurements. The alloys were austenitized at 980-1000 ~ C for two hours and oil quenched. They were then tempered at 670 ~ C for ten hours, and cooled in air. The samples were originally in the form of Charpy V-notch test specimens, and after testing were cut into 1 cm 2 x 1 mm slices with a wafering diamond blade, parallel to the fracture surface. The samples used here were taken from specimens tested in the temperature region corresponding to the lower shelf energy. The surface layer was removed by using nitric acid to remove the cold-worked region, created by the cutting of the samples. The amounts of Cu, P and Ni are given in the last column as high, medium or low. 
Experimental Methods

Samples Examined
Irradiation and Annealing
Materials A-F were irradiated at surveillance positions to a fluence of 1 x 1019 n.cm -2 (E > 0.5 MeV) at the ROVNO-1 commercial reactor at a flux of 4 x 1011 n.cm-2s "1. Materials A, B, G, and H were irradiated at the KOLA-3 commercial reactor to 8 x l019 n.cm -2 (E > 0.5 MeV) at a flux of 3 x 1012 n.cm-2s "1. All alloys were irradiated at 270 ~ C. For the isochronal annealing studies, the samples were annealed at successively increasing temperatures for 30 minutes in sealed quartz tubes filled with ultra-high purity argon. The samples were then etched in hydrochloric acid after each annealing to remove any surface oxidation and to ensure a clean, uniform surface.
Positron Annihilation Spectroscopy
To measure positron lifetime distributions on non-irradiated samples and samples with low 6~ activity, we used a standard BaF2 two-detector, fast-slow-coincidence positron-lifetime spectrometer. To examine samples with significant 6~ activity, we used a modified three-detector system [16] . In the three-detector arrangement, we use a "start" detector to detect the 1.28 MeV y-ray emitted following the 13+-decay of 22Na, one "stop" detector to detect one of the two 511-keV annihilation quanta, and a third NaI "check" detector, which must detect the second 51 l-keV annihilation quantum, coincident with the response of the stop detector, for the lifetime to be recorded. This arrangement reduces the interference caused by the two ~/-rays emitted in the decays of 6~ by roughly two orders of magnitude, although it reduces the counting rate. Both positron systems have a time resolution of 270 ps. The positron source consisted of 75 ~tCi of carrier-free 22Na, surrounded by two sheets of Kapton film. The equipment was kept in a room where the temperature was well controlled to avoid electronic drift. The positron lifetime system was frequently calibrated using well-annealed Fe foils to determine the time resolution and the fraction of positrons annihilating in the source.
We used the PATFIT package to perform the deconvolution of the positron lifetime distributions [17] . We used the program RESOLUTION to analyze the lifetime distributions corresponding to a Fe foil to determine the resolution function of the system and to determine the fraction of positrons annihilating in the positron source. Using the resolution function generated for a known sample by RESOLUTION, we then used the program POSITRONFIT to perform the deconvolution of the positron lifetime distributions measured on the experimental samples.
For the Doppler-broadening (DB) measurements, we used a Ge x-ray detector with an energy resolution of 1.07 +0.05 keV at 511 keV. The DB spectrometer was frequently calibrated using a 181Hf 482 keV )'-ray source and a SSSr 514 keV )'-ray source. We analyzed the energy distribution of 511 kev annihilation quanta using the Doppler lineshape S-parameter, which gives a measure of the "sharpness" of the distribution of 511 keV annihilation quanta. In a metal the S parameter is smaller when the positrons annihilate with higher-momentum electrons, such as those bound to an atom. This will happen more frequently in defect-free crystals. When open-volume defects are present, the S parameter is larger (less variability in the energy of the annihilation quanta), as positrons wilt tend to annihilate with low-momentum electrons, such as those in the electron gas normally found in higher proportions in open volume defects. As positrons thermalize before annihilation, the positron's momentum is not a significant factor in measuring the S-parameter.
Hardness Testing
For the 15N Rockwell superficial Rockwell hardness tests, we used an American Chain and Cable Company model 6TT Rockwell hardness tester. Before each measurement, the tester was checked for accuracy using a standard test block of known hardness. The calibration anvil was used for the tests, as the samples were very small. In testing each sample, we performed five hardness measurements and used the mean value. Table 2 summarizes the results obtained for measurements of the average positron lifetime Y and the S-parameter, including both the values obtained before irradiation and those obtained after irradiation but before annealing. Asterisks indicate samples that have not yet been examined because of their high activities, and the numbers in parentheses indicate the experimental error. The average lifetime for the non-irradiated samples varies widely, between 114 and 145 ps, likely indicating differences in the microstructure before irradiation (e.g. higher average lifetimes could indicate a higher dislocation density). The higher S-parameters measured in the samples with high F (indicating greater percentage of annihilations occurring in well-defined defects such as dislocations) support this interpretation. Some of this sample-to-sample variation could also have been caused by the different compositions of the alloys, but no systematic trend was observed between alloy composition and positron lifetimes. On the other hand, the hardness measurements show that alloys with higher Cu and Ni content tend to exhibit higher hardness values, likely as a result of solid-solution strengthening. Table 3 summarizes the results obtained for the 15N superficial Rockwell hardness tests performed on the irradiated and nonirradiated model alloys. The Rockwell Hardness varies between 32 and 53 for the different alloys.
Results
Examination of Samples in the Non-Irradiated and As-Irradiated States
After neutron irradiation, the positron lifetimes generally increase, with the exception of those for samples C, F and G. These changes are likely caused by a combination of irradiation-induced precipitates and defect clusters formed trader irradiation. Longer positron lifetimes (165 ps for dislocations and 175 for vacancies [18] ) and larger Doppler broadening S-parameters characterize open-volume defects, whereas trapping in irradiation-induced precipitates is associated with shorter lifetimes. Further irradiation of sample B to 8 x 1019 n.cm "z causes an additional increase in the average positron lifetime. Finally the average ~ositron lifetime in sample H increases significantly after irradiation to 8 x 10 9 n.cm-~.
The deconvolution of these positron lifetime distributions using a one or twolifetime unconstrained fit shows no evidence for the longer lifetimes (>200 ps) usually associated with microvoids, depleted zones, or higher-order vacancy clusters. The distribution could be well fit using two lifetimes: one at about 165 ps and one at about 110 ps or shorter, as predicted by trapping theory [19] for a combination of defect trapping and bulk annihilations. This is in agreement with the results of Lopes-Gil [3] and Brauer [2] , who observed no irradiation-induced voids after irradiations conducted at 290 ~ C and 270 ~ C respectively. (1) 66 (2) 62 (2) 59 (1) 64 (2) Successive Isochronal Anneals after Irradiation to lxl019 n.cm "2
We present the results for samples A-F, measured after irradiation to 1 x 1019 n.cm "2 at 270 ~ C, and after successive anneals for 30 minutes at the temperatures indicated. The high activity of samples G and H precluded us from performing the postannealing positron measurements in this first stage of the study. Figure 1 shows the average positron lifetime and the relative change in Sparameter and in Rockwell Hardness for Material A (low levels of Cu, P and Ni) and B (high levels of Cu, medium levels of P, and low levels of Ni) after irradiation to lxl 019 n.cm "2 at 270 ~ C and after successive anneals for 30 minutes at the temperatures indicated. The values of these parameters measured after irradiation but before annealing correspond to the values shown at an annealing temperature of 0 ~ C. The non-irradiated values are also indicated. The error bars reported for average positron lifetime and Sparameter originate from the corresponding fitting process, and those associated with the Rockwell Hardness indicate the variability within the measurements conducted. As the annealing temperature increases from 200 to 350 ~ C, little change is observed in ~-. Between 350 and 450 ~ C, ~ decreases abruptly to values close to those for of the nonirradiated material, and remains there up to 600 ~ C. Corresponding decreases in the Sparameter and in the Rockwell hardness values are observed in the temperature range of 350-450 ~ C. This result suggests that the higher positron lifetime observed after irradiation (relative to the non-irradiated value) below 350 ~ C is caused by irradiationinduced open-volume defects; the annealing of these defects between 350 and 450 ~ C causes the concurrent decrease in hardness observed in that temperature range.
For sample B (low Ni content but higher contents of Cu and P), the average positron lifetime starts to decrease at somewhat lower annealing temperatures; and, at 450 ~ C the lifetime values are close to those observed at the same annealing temperature in sample A. The S-parameter also decreases, indicating the annealing of defects in that temperature range. Interestingly, the hardness shows a marked increase, starting at 350 ~ C and peaking at 500 ~ C. This peak is paralleled by corresponding peaks in ~ and S, starting at 450 ~ C. Figure 2 shows the average positron lifetime, S-parameter, and Rockwell hardness for sample C, which has the highest Ni content of the annealed samples and medium values of both Cu and P and for sample D, which contains medium levels ofNi, Cu and P. For sample C, the average positron lifetime in the as-fabricated material decreases significantly after irradiation, and does not change appreciably with annealing. This behavior is mirrored by the S-parameter, which also decreases with irradiation and remains constant after annealing. The hardness shows a modest increase after irradiation, and exhibits a gradual decrease with increasing annealing temperature. For sample D, the average positron lifetime for the as-irradiated sample is the highest among the samples that we examined, and it remains relatively unchanged after annealing up to 350 ~ C. In the same way as in the baseline sample A, the average positron lifetime decreases abruptly between 350 and 450 ~ C, reacl~ing values close to the non-irradiated values at 450 ~ C, with no further evolution up to 600 ~ C. This behavior is also reflected in the S-parameter, which decreases in the same temperature range, and in the hardness, although the scatter in this case is much larger. Figure 3 shows similar results for samples E and F. Sample E contains the highest value of P for the annealed samples and medium values of Cu and Ni. The average positron lifetime for the as-irradiated sample E is similar to that for D. The same broad characteristics of the average positron lifetime as observed in sample D are seen, i.e., abrupt decreases of the average positron lifetime, the S-parameter, and a more gradual decrease for the Rockwell hardness, starting at around 350 ~ C. The average positron lifetime at 450 ~ C is again close to the non-irradiated value.
lifetimes, Doppler-broadening Sparameters, and 15N Rockwell superficial hardness values on annealing temperature for neutron-irradiated (lx1019 n.cm "2 at 270 ~ materials C and D. The S-parameter and 15N Rockwell hardness results are shown as the percent change from the as-fabricated (non-irradiated and non-annealed) state. The samples were successively annealed for 30-minutes at each temperature.
Sample F has a high Cu concentration and medium (0.12%) Ni and P concentrations. The contrast of the measurements for this sample with those for sample B (0.01% Ni) should highlight the importance of Ni, as this is the only difference in composition between these two samples. The average positron lifetime measured after irradiation is 116 ps, (as compared to 134 ps in sample B). As the annealing temperature increases, the average positron lifetime remains essentially constant up to 600 ~ C. After irradiation, the S-parameter increases from the value measured on the as-fabricated material, and it decreases after the sample is annealed at 200 ~ C, remaining essentially constant thereafter. The hardness shows a significant increase after irradiation, and then exhibits a steady decrease with annealing temperature.
Discussion
In this work we have relied mostly on the average positron lifetime, as this parameter is not strongly influenced by the fitting procedure. It is possible to perform the deconvolution of the positron spectra to obtain individual lifetimes, and to attempt to compare those with the lifetimes of well-known defects. For the examinations mentioned above, the longest lifetime we have found after deconvolution was 200 ps. If taken at face value, a 200 ps lifetime would correspond to that of a di-vacancy in Fe, which would mean that in addition to dislocation loops, the matrix damage would consist of mono and di-vacancy defects. However, the actual clusters formed may interact with solute atoms such that their compositions could change, thereby affecting their positron lifetimes.
We can propose an interpretation of the results that fits the observations. We emphasize that, because positrons do not provide a direct measure of some of these microstructural features, we need to combine and confirm these measurements by using other experimental techniques. In the baseline material A, no irradiation-induced precipitates are formed because of the low levels of alloying elements. We can attribute the increase in average positron lifetime in sample A, measured after irradiation, to the formation of matrix damage, such as vacancies, di-vacancies, or dislocation loops, which anneal between 350 and 450 ~ C. As the defects anneal, hardness decreases, and the average positron lifetime also decreases, because the fraction of annihilations in defects decreases.
In contrast with sample A, sample B has high Cu and P content. The smaller increase in average positron lifetime measured after irradiation can be attributed to the existence of some irradiation-induced precipitation, in addition to the matrix damage also present in sample A. Because of the greater positron affinity for Cu than for Fe [20] , these precipitates tend to trap the positrons, increasing the number of annihilations having the lower characteristic lifetime. Because both of these irradiation features trap positrons, the measured value lies in between the characteristic lifetimes for these two traps. However, in the absence of Ni, it is likely that less irradiation-induced precipitation occurs than when Ni is present in significant quantities; thus some of the Cu remains in solution. As the annealing takes place, the matrix damage is annealed, and thermal aging causes more of the Cu to precipitate. This precipitation causes the average positron lifetime to decrease and the hardness to increase. Above 450 ~ C, the precipitation is complete and a ripening process starts to occur, which decreases the precipitate number density. This "Ostwald ripening" process causes the decrease in hardness, observed between 500 and 600 ~ C. This hardening under thermal aging was observed by others: a change in Hv20 hardness of 40 was observed in Fe-0.9 % Cu model alloy after 1 hour thermal aging at 550 ~ C [21] .
By comparing the results for sample B (0.01% Ni) with those for sample F (1.19% Ni), we can assess the effect of Ni. The average lifetime in sample F measured after irradiation is about 120 ps (essentially the same as before irradiation), but we observe a significant increase in hardness, indicating that the microstructure evolution is taking place, although not affecting the average positron lifetime.
For sample F, we can interpret this average positron lifetime as resulting from saturation trapping of positrons in irradiation-induced precipitates. Ifa combination of high amount of either Cu and a medium amount of Ni, or a high amount of Ni with a medium amount of Cu, would lead to a high number density of irradiation-induced precipitates, then samples C and F would show more extensive irradiation-induced precipitation than samples B, D and E. We would expect an elementally-pure and coherent metal precipitate to show the annihilation lifetime and Doppler-broadening characteristics corresponding to those for the precipitated metal. For pure Cu, we measured a positron annihilation lifetime of 119• ps, which is close to the lifetime measured on Fe, 110 • ps.
In this scenario, the matrix defects in sample F are completely obscured by very extensive precipitation that traps all the positrons, so that they annihilate with the lifetimes associated with the precipitates. It has been proposed that Ni acts as a Cudispersant, enhancing Cu precipitation and making it finer [8] . A fine distribution of irradiation-induced precipitates is more efficient at trapping positrons than is a coarse distribution. Because these precipitates are stable to higher temperatures, the annealing of matrix damage is not observed, and we have no way of assessing its extent in these samples.
A similar scenario is operative for sample C. In that case, the as-fabricated microstructure contains a greater amount of matrix dislocation-type defects, so the asfabricated average positron lifetime is 137 ps, which is reduced by irradiation to 120 ps. The aforementioned hypothesis would also explain this result. Extensive trapping of positrons at irradiation-induced precipitates would obscure the matrix damage. By contrast, in samples E and D, and to a lesser extent in B, the matrix damage represents a greater percentage of the annihilations; and, thus, the average positron lifetime increases. Also, because a majority of the positrons annihilates in well-defined defects, the Sparameter is higher for samples B, D, E than for C and F.
We note that radiation-induced copper-rich precipitates are not necessarily either pure or coherent. Using atom probe field ion microscopy, Miller et al. report that these precipitates consist a mixture of elements, consisting of Fe, Cu, Mn, and Si, with P segregating to the precipitate boundary [I 1]. Investigations of precipitates in irradiated reactor pressure-vessel steels using SANS show that these precipitates have a magneticto-nuclear scattering ratio that is not consistent with that for pure Cu [22] but instead is consistent with that for a mixture of Cu, Mn, and Ni [8] . Using high-resolution electron microscopy, Othen et al. show that pure Cu precipitates in ferritic steel maintain a b.c.c. structure until they reach a diameter of 5 nm, at which point they transform into a 9R structure [23] . This result suggests that, as long as the precipitate size remains around the typical diameter of 1-2 nm, the precipitates could remain coherent, but with some stresses that could cause misfit defects at the matrix-precipitate interface. Brauer et al. have estimated a positron lifetime in irradiation-induced precipitation of 124-145 ps at such a misfit defect located at the Cu-Fe interface [6] ; the same value was estimated by Phythian et al. to be -130 ps [21] . Such lifetimes in irradiation-induced precipitates depend on a variety of characteristics of these precipitates, including their degree of coherency, crystal structure, composition, and element distribution. Given the lifetimes observed of around 120 ps, it is likely that these irradiation-induced precipitates are coherent with the matrix.
We examine the effect of P by comparing specimens D (0.012% P) and E (0.39% P). The results for the average positron lifetime, the S-parameter and the hardness are very similar, indicating that P does not play a significant role in the irradiation-induced microstructural evolution and in the post-irradiation annealing of these model alloys. It is interesting to compare the present results obtained in model alloys with previous results obtained in the examination of neutron-irradiated pressure-vessel steels. The same general irradiation and annealing behavior is observed in the pressure-vessel steels as is 19 2 observed in the model alloys. After irradiation to 1.5 x 10 n.cm, the average positron lifetime in A533B steel (incorrectly reported as A508 in [24] ) increases to -150 ps. This average positron lifetime decreases between 300 and 450 ~ C, and increases again between 450 and 600 ~ C [24] . This behavior was also observed in VVER steels [2] . This suggests that a similar interpretation of the results is valid, i.e., that matrix damage (with a characteristic lifetime of about 165-175 ps) develops in parallel with irradiationinduced precipitates, which should be rich in Cu and Ni.
Conclusions
We have used positron annihilation spectroscopies to examine a series of model iron alloys in which we systematically varied the alloying concentrations of Cu, P and Ni. We measured the average positron lifetime, the S-parameter, and the Rockwell hardness, on the same quantities after performing successive isochronal anneals of the samples that had been irradiated to 1 x 1019 n.cm "z. The main conclusions of this study are as follows:
1. No evidence was observed for the long positron lifetimes (> 250 ps) normally associated with higher-order defect clusters or microvoids. This result is in agreement with the results obtained by several other researchers who did not observe microvoids in complex alloys after high temperature neutron irradiation.
2. The effects of Cu and Ni, especially in combination, on microstructural evolution and on the inferred irradiation-induced precipitation, as measured by the average positron lifetime, S-parameter and hardness, were much more pronounced than the effects of P.
3. In samples without a high concentration of either Cu or Ni, combined with a medium concentration of the other element, the average positron lifetime increases after irradiation to 1 x 1019 n.cm "2. The microstructural feature associated with this lifetime anneals between 350 ~ C and 450 ~ C. The S-parameter and the hardness in these samples exhibit similar annealing behavior. This behavior could be caused by the formation of defect clusters produced under irradiation. 4 . In samples having either high Cu and medium Ni or high Ni and medium Cu, we observe a low average positron lifetime after irradiation to 1 x 1019 n.cm "2, which occurs at the same time that the hardness increases. This behavior changes little with annealing temperature. This low average positron lifetime could result from saturation positron trapping in irradiation-induced precipitates.
5. These results and interpretation are in general agreement with the current view that irradiation embrittlement of ferritic steels at high temperature is caused by fine-scale damage, which consists of a combination of irradiation-induced precipitates and defect clusters, but not microvoids.
We emphasize that these observations need to be combined the observations performed with other complementary experimental techniques to obtain a more complete view ofmicrostructural evolution in pressure vessel steels under irradiation.
